New experimental results and their physical analysis are presented to clarify the behavior of a relatively stable self-arranged droplet cluster levitating over the locally heated water surface. An external electric field of both opposite directions leads to a significant increase in the rate of a condensational growth of droplets in the cluster. The experimental data are used to estimate a small electrical charge of single droplets and the attraction force of polarized droplets to the water layer. It is confirmed that the interaction between the droplets is governed by aerodynamic forces.
Introduction
This particular study is a continuation of an experimental research and physical modeling selfassembled levitating clusters of droplets generated over the locally heated water surface. The previous stages of a long-time research initiated by the discovery of this fascinated phenomenon [1] have been recently described in keynote presentation [2] . It is clear at the moment that aerodynamic forces determine both the formation and evolution of the droplet cluster [2] [3] [4] . However, electric charging the droplets during their evaporation [5, 6] needs independent estimates to clarify a contribution of Coulomb forces to the quasi-steady cluster parameters. In addition, the effect of an external electric field on a droplet cluster behavior is expected to be interesting for the study of a droplet cluster stability.
The above reasons motivated the present study. The objective of the paper is two-fold: (1) To estimate the own electrical charge of single water droplets in a droplet cluster and the resulting forces between the droplets and (2) To use new experimental data for the effect of an external electric field to explain the main parameters of a stable droplet cluster. It should be noted that the life of a cluster is usually not long (just a few tens of seconds) because of condensational growing of droplets and the resulting coalescence of large droplets with the layer of water. So, the cluster stabilization is one of the key problems [7] [8] [9] [10] .
Experimental procedure
The experimental equipment used to produce droplet clusters was described in detail in [10, 11] .
The cluster of water droplets was formed over a thin layer of distilled water heated locally from the solid substrate irradiated from below by a laser beam of diameter about 1 mm. The continuous wave laser KLM-H808-600-5 with the wavelength of 808 . 0 µm at the working power of 280  L W mW was used in all the experiments. The thickness of water layer was equal to 400 ± 2 μm in all experiments.
It was controlled using the confocal chromatic sensor IFC2451 made by the company Micro-Epsilon (USA). Video images of the cluster were taken using stereomicroscope Zeiss AXIO Zoom. V16 and high-speed video-camera PCO.EDGE 5.5C (Germany) with spatial resolution of 0.6 µm.
Both the design and position of electrodes are schematically shown in Fig. 1 . The lower electrode is a thin metal cylinder (outer diameter -8.9 mm, the diameter of central orifice 4.5 mm, and thickness -0.7 mm) placed directly under the substrate. The upper electrode with outer diameter 78 mm and central hole with diameter 6.5 mm was made of fiberglass laminate covered by 18 μm thick copper layer. The distance between the electrodes was equal to 8 U  l mm. The external electric field was generated by high-voltage source HVLAB3000 (ET Enterprises, UK), which is designed to vary the applied voltage in the range from 0.2 to 3.0 kV. For convenience, the variant with a positive electric potential of the upper electrode relative to the grounded lower electrode will be denoted by  U , and the opposite configuration - U . Fig. 1 . Schematics of a side view of a laboratory set-up.
External electric field and polarization of water droplets
Before proceeding to experimental results, it seems correct to calculate the electric field in the location of droplet cluster. This can be done by a numerical solution of the axisymmetric boundary-value problem for the Laplace equation for electric potential   z r,
where   Water droplets of a cluster are polarized in the electric field. The absolute value of dipole moment of a single spherical droplet with a radius R in a uniform external field can be calculated as follows [14] : 
Experimental results on behavior of droplet cluster
The new laboratory experiments showed a significant effect of external electric field on coalescence of droplet cluster with the water later. At ordinary conditions, without any external electric field, the coalescence of droplet cluster has been studies in detail [15] [16] [17] . The distance h between droplets and water layer decreases with the condensational growth of water droplets. As a result, one of the largest droplets touches the surface of water layer and generates capillary waves which lead to avalanche-like coalescence of other droplets. This process changes radically with an external electric field. Coalescence begins with a significantly smaller droplet size. This process is illustrated in . This unexpected result will be discussed below.
It is known that the rate of droplet growth due to condensation at ordinary conditions (without an external electric field) is well described by the d-squared law [18] or its modification called the elliptic law [19] . Therefore, according to previous papers by the authors, the value of the surface area rate of growth, S  , is used to analyze the effect of electric field. As earlier, the measurements were performed for the central part of the droplet cluster [8, 10, 11, 20] . The new experimental data are presented in The general trend of increasing the rate of growth of water droplets with the electric field intensity is quite obvious. It is interesting that the direction of electric strength vector appeared to be an important factor, whereas the qualitative effect is the same in both configurations of electric field. The symbols One can expect that relatively large growth rate of water droplets in experiments with an external electric field is explained by the increase in evaporation rate of water layer. It was shown in early paper [21] that distilled water evaporated much faster in the presence of a high-voltage electric field in the direction normal to the water surface. Some details about the "Asakawa effect" and its applications can be found in [22] [23] [24] [25] . Unfortunately, it is difficult to measure local increase in water evaporation in a small hot region just below the cluster. At the same time, the laboratory measurements of total evaporation from the whole water layer didn't indicate any considerable effect of the electric field. Perhaps, the increase in local evaporation rate of a hot water takes place but it is partially compensated by a continuous coalescence of relatively small droplets with the water layer. 
Analysis of experimental data
The laboratory experiments showed that the external electric field decreases the critical size of water droplets at the coalescence beginning. The monotonic dependences of c R on the local electric field (see Fig. 6 ) indicate that the difference between the data for  U and  U is relatively small as compared with the "  U " effect. This can be treated as an insignificant role of the negative electric charge of droplets as compared with the interaction of polarized dielectric droplets with water layer.
Note that there is no contradiction between the relatively fast growth of droplets in the case of  U configuration (Fig. 5) and the lower values of c R (Fig. 6 ). The latter is explained by an additional force attracting the negatively charged droplets to the positively charged surface of water layer. It is interesting to consider the dependences of weight of steady levitating small droplets on the droplet height of levitation at rather strong external electric field of opposite directions. Such dependences together with that for the case without the electric field are presented in Fig. 7 . Note that the droplet weight range in this figure corresponds to the narrow radius range of 18 8 . 14   R µm. obtained in papers [5, 6] using quite different methods. It should be recalled that charged water droplets are the ordinary objects in the lower atmosphere [26] [27] [28] [29] . So, the laboratory studies of the effect of electrical charging on behavior of small droplets and their clusters are also interesting for geophysical applications.
An estimate of the attraction force between a polarized water droplet and the water layer can be obtained assuming that the opposite charges of the dipole are located at the upper and lower points of the droplet surface. Obviously, the effect of upper charge can be ignored at small values of h comparable to the droplet radius. To simplify the estimate, one can also assume that the electric charge induced upon the water layer surface is equal in absolute value to the dipole charges and located just below the droplet. These assumptions enable us to use the following equations for the absolute value of dipole electric charges and the attracting force between the dipole and water layer: 2 dp 0 max dp
The calculated dependences of   h F max dp presented in Fig. 8 indicate a strong increase of the attracting force with decreasing the distance between typical polarized droplets and a layer of water. It is important that max dp F is comparable to the gravitational force at realistic values of h (see Fig. 7 ). In the case of a stable cluster, the greatest aerodynamic drag force is equal to the sum of the gravitational force and the discussed electric attracting force. kV are practically the same as that without the electric field. One can say that additional forces between the neighboring droplets due to their polarization are very small and cannot affect the cluster structure. However, this argument is insufficient to explain the small effect of electric field. It is interesting to recall that the distances between droplets in the ordinary cluster (without an external electric field) are very sensitive to the steam generation rate controlled by the laser heating power.
The latter statement is clearly illustrated in Fig. 9 . mW, b -310mW (the scale bar is the same for both panels).
Possible explanation of a very small effect of electric field on distances between the particle is in the observed strong increase in the above mentioned strong effect of electric field on the growth rate of water droplets.
The regime of interaction between the steam flow and water droplets is mainly determined by the Reynolds number (in the Stokes regime) showed that the particles weakly repel each other at all separations. When the hydrodynamic interaction between the closely spaced particles becomes negligible, the so-called London-van der Waals attraction force should be considered [33, 34] . This physical limit is important for small particles suspended in a liquid, but it is not observed in the case of a droplet cluster.
There are several important differences between interaction of a uniform flow coming from a large distance to a couple of side by side particles and the flow around the droplet cluster. Perhaps, the most important difference is a small ratio of the cluster levitation height to the cluster diameter. A computational modeling the levitating cluster is definitely beyond the scope of the present paper. Therefore, our consideration is limited to a comparison of the Coulomb force between the neighboring charged water droplets and approximate value of the aerodynamic attraction force between the same droplets. The first of these forces is expressed as follows:
Equation (5) gives the value of 6 el 10 8
µm (we restrict ourselves by the pair Coulomb attraction of droplets). The aerodynamic force due to decrease in static pressure of a moving gas between the droplets can be estimated as:
where 1 u is the average velocity in the gap between the droplets, and 1   is a dimensionless coefficient. For the hexagonal structure of droplet cluster, the value of 1 u can be calculated as follows:
Bearing in mind that L R  , we obtain: The above estimations confirm that aerodynamic forces are responsible for the interaction between the droplets in the levitating cluster. Of course, one needs much more sophisticated analysis to understand the observed spatial scale of the cluster regular pattern.
Conclusions
The analysis of laboratory experiments performed with an external electric field of various direction and intensity enabled the authors to obtain the following main results for a typical droplet cluster levitating over the locally heated water surface: (1) The external electric field leads to a significant increase in the rate of a condensational growth of water droplets; (2) The negative electric charge of single droplets in the central part of a cluster is equal to 473 elementary units of electric charge at the experimental conditions; (3) The polarization of water droplets results in an additional attraction force between the droplets and water layer. This force is comparable to the gravitational force and leads to early coalescence of small droplets with water layer; (4) The electrostatic force between the droplets is much less that the estimated aerodynamic force which is responsible for the cluster pattern. The results obtained are expected to be useful for further theoretical modeling of the phenomenon of levitating droplets clusters.
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